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FUNCTION OF FLY-WHEELS IN CONNECTION WITH
ELECTRICALLY OPERATED ROLLING MILLS

BY H. C. SPECHT

For all kinds of motor drive and particularly for rolling-
mill service, where the load conditions are very unstable, the
use of a suitable fly-wheel is of great importance. As is well
known, the function of a fly-wheel is to take up the sudden
shocks and equalize the unsteady loads as much as practicable
in order to produce the cheapest installation and obtain the most
satisfactory and economical operation. The smallest size of
motor and the minimum capacity of the generating plant are
obtained when the action of the fly-wheel is such that the load
on the motor is constant and equal to the average of all the
loads. To a certain extent this will be impossible in rolling
mills, and it will be the problem for the engineer to determine
the most suitable size of fly-wheel, motor, and generating plant
with the auxiliary equipments.

In reviewing the characteristics of the load curve of a fly-
wheel in connection with an induction motor, attention is called
to Fig. 1, in which the area A B C D represents a peak load,
the ordinates giving the torque in pounds at 1 ft. radius on the
shaft of the motor or the mill and the abscissas giving the time
of rolling in seconds.
Assume that a constant resistance is inserted in the secondary

circuit of the motor and that the motor is carrying all the load
until the peak is reached. We will then obtain the torque
curve A E, the section below the line A E representing the
torque developed by the motor and that above A E the torque
delivered by the fly-wheel. During this time the speed of the
motor has decreased somewhat, thus making it possible for the
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fly-wheel to deliver part of its stored energy to the driven shaft.
At the end of the peak load, the motor begins to speed up,

giving energy back to the fly-wheel, as shown by the torque
curve E F. The energy indicated by the area E D F must
be equal to the energy indicated by the area A B C E, the
energy delivered by the fly-wheel.

Since the torque of an induction motor with a constant re-
sistance in the secondary circuit varies almost directly as the
slip, an equation for the torque curve A E F may be determined
as follows:

Let T1 = the torque at 1 ft. radius developed by the fly-
wheel at the start of the peak load.

t, t t2 t4
FA./ ShowIng the re/lalon of the torque of Motor
and F/ywheel

T2 = The accelerative torque developed by the motor at the
end of the peak load.

v, = the velocity of the motor in feet per second at 1 ft.
radius at the start of the peak load.
v2= The velocity at the end of the peak load.
Vs= The velocity if the motor were developing all the torque

without the assistance of the fly-wheel.
vo = The velocity at synchronism or no-load.
VL = The velocity at the beginning of the succeeding peak.
v = The velocity at any time.
t = Tirme in seconds,
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W Fly-wheel effect; that is, the total weight of the rotating
parts multiplied b-y the square of the radius of gyration.
g = Acceleration due to gravity = 32.2

The equation for the torque curve A E during the period of
retardation is, then,

VI -v W d v
T-_ T1+ = 0

or,

dt= W (v1-v3) dv
Ti g v-v3

integrating.

ot (v1-v3) log nat (V -V ) (la)
or, T1g I V

v -7(l)
gT,ge W(VI-v3)

The equation for the torque curve E F of the period of accelera-
tion is

V4-UV dv
4 R2g d t

or,

d=V (V4 - V2) d vZ

T2g V4-v

integrating

1t1 (U '2) b log nat (-v¾v) (2a)

or,

V-=vu , (2b)
e W(v4 -v2)

As examples of the above, Fig. 2 shows several torque curves
for different fly-wheel effects and speed-torque characteristics.
For simplicity, a continuous cycle of constant peaks of 100,000
lb. has been selected, with half-second periods of duration and
half-second intervals.
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The fly-wheel effect and the slip for a torque of 100,000 lb. at
1 ft. radius, from which these curves are derived, are as follows:

Curve I-W = 150000, slip at 100000 lb-ft. torque = 10%
II-W = 300000, slip at 100000 lb-ft. torque = 10%
III-W = 150000, slip at 100000 lb-ft. torque = 5%70
IV-W = 300000, slip at 100000 lb-ft. torque = 5%
V-W = 900000, slip at 100000 lb-ft. torque = 10%0

It will be noted that curves I and IV are identical; that is,
in curve IV, with half the secondary losses or slip and double the

100000
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seconds

Fig2. Shown'f torfyue conres for different F/yxlhee/
effect and slip

fly-wheel effect, the same results are obtained as in curve I
with double slip and half the fly-wheel effect. From these
curves it c-an clearly be seen that the greater the fly-wheel effect
and the greater the slip for a given torque, the better will be
the equalization of loads. When the resistance in the secondary
circuit is not kept constant, the foregoing method of determining
the torque can be used if the load diagram is divided into sec-
tions for which the secondary resistance may be considered con-

stant.
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Since the motor must alwvays slow down in speed during the
peak loads in order that the fly-wheel may assist it in carrying
the load, and since the peaks in all kinds of rolling-mill service
vary from pass to pass, it appears that an automatic method of
cutting resistance in and out of the secondary circuit of the
motor at the proper time would be most desirable. In such a
way we could obtain the best equalizing effect and the highest
combined efficiency and power-factor.

However, the load conditions in rolling mills are usually such
that an automatic control cannot follow the changes of load.
For example, in a sheet or a merchant mill where the peaks are
quite variable in size as well as in duration and are generally
very short, the automatic control cannot be used to advantage.
Owing to the time-constant of the automatic controlling devices,
the additional resistance may not be inserted at the proper
time. This results in the motor atA first carrying an excessive
load until the resistance in circuit has been increased, when the
fly-wheel will assist by delivering part of its stored energy to
the shaft. After the peak is over the same sluggishness of the
control may prevent the motor from restoring to the fly-wheel
all the energy delivered by the latter during the peaks, re-
sulting in a slowing down during succeeding passes. In such a
case the automatic control will do more harm than good. There-
fore, with such load characteristics the best results would be ob-
tained by having a permanent resistance of the proper amount
.in the secondary circuit.

In but few rolling mills the periods of peak loads are such that
an automatic control can be used to advantage. The duration
of all the maximum peak loads must be long enough to allow
the controlling devices to act. On the other hand, if the peak
loads exceed a certain length of time, an equalization of loads
may not be practicable. In this case, the most economical
operation would be obtained by running the motor with a small
slip and a fly-wheel of sufficient capacity.

In view of the foregoing, it appears that as a general rule for
peaks of very short duration (approximately 2 seconds or less),
of very long duration (approximately 8 seconds or more), and
for extremely variable loads, a permanent resistance in the
secondary circuit or a control operated by hand is most desirable.
An accurate rule as to the proper kind of control and the size of
the fly-wheel can scarcely be given. In each individual case all
the possible load conditions should be taken into consideration
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in order to obtain the best equalization of loads, the highest
efficiency, power-factor, etc.

As a rule, the electric manufacturers are forced to subm-lit the
lowest-priced outfit with the highest power-factor and effi-
ciency; that is, with secondary directly short-circuited, disre-
garding the actual working conditions as to the efficiency, power-
factor, safety of operation, simplicity of control, etc. What
does the efficiency with the secondary directly short-circuited
mean to the customer if the motor is not to be run under such
conditions?
The cost of operation is dependent upon the combined effi-

ciency of the complete cycle. The highest combined efficiency
will require, in most cases, a great fly-wheel effect, and it may be
necessary to build a separate fly-wheel in addition to the motor.
Considering the fact that the fly-wheel masses of the motor are
generally moving at very low velocity and that the fly-wheel
effect increases with the square of the velocity or the radius of
gyration, it is apparent that a greater fly-wheel effect might be
obtained without increasing the weight of the complete outfit
by the use of a separate fly-wheel. This might also allow a
cheaper and mechanically better construction.
On the other hand, when a very great fly-wheel effect is de-

sired in order to equalize the load, it should also be noted that a,
greater fly-wheel effect will require more time to stop or start
or to change over from one speed to another. Therefore, in a
case where this is of great importance, a compromise has to be
made between the questions of equalization and time. It should
also be borne in mind that the total time of a complete cycle of
rolling differs with the different speed controls.
The conclusion from the foregoing is that the cheapest outfit

is not always the most desirable, nor does it always give the
lowest operating cost. Even if it requires considerable time
to work out the best arrangement in all the details, the en-
tailed expenses will be saved many times in the installation and
operation. It is somewhat surprising that in the past no more
time has been spent in thle careful study of the subject, since
the future of the electrification of rolling mills depends so much
on the first installations.
As an illustration of lhow to arrive at the most economical

result the writer has selected an example with load characteristics
similar to those of a universal plate or rail mill. For the sake
of simplicity the example has been limited to the first nine
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passes and to two different fly-wheel effects. The data given
for this example are as follows:

Pounds torque Time in
Pass at 1 ft radius seconds

1 1,000,000 0.o82
2 900,000 0.93
3 880,000 1.03
4 840,000 1.24
5 800,000 1. 55
6 700,000 1.85
7 720,000 2.17
8 700,000 2.58
9 650,000 3.3

The intervals between passes are four seconds each. The
speed is 52 rev. per min. and the supply circuit three-phase, at
6600 volts and 25 cycles. The motor for this speed would, there-
fore, have 56, poles, which would correspond to a synchronous
speed of 53.6 rev. per min. With these data the calculation was
made as follows: the average torque and the horse-power for
the given load diagram were found to be 261,000 lb-ft. and
2640 h.p., respectively. In arriving at an approximate size
for the motor required if the equalizing of loads by the fly-wheel
is to be small, the square root of the mean square of the loads is
calculated, the torque being 418,000 lb-ft. and the horse power
approximately 4100 for normal rating. The design for this
size of motor gave a fly-wheel effect of approximately 20,000,000
lb. at 1 ft. radius.

Since the peak loads are of short duration, a speed control
having a constant resistance in the secondary circuit was se-
lected. The size of the resistance was made such that a 1,000,000
lb-ft. torque on the motor shaft would correspond to 20 per cent
slip.
On this basis, the torque curves were drawn in Fig. 3 by

means of formulas lb and 2b. For these torque curves the
corresponding values for speed, amperes per terminal, kw.
losses, and power-factor were obtained from the curves shown
in Fig. 4, and plotted in the dotted lines shown in Fig.3.

These curves show that the fly-wheel is very much too small
to give a satisfactory equalization of loads and that a much



876 SPECHT: MILL FLY-WHEELS [June 30

larger fly-wheel is required. Since the fly-wheel masses of the
rotor are moving with a very low velocity-not over 3000 ft.
per minute-and since it will be almost impossible to add suffi-
cient weight to the rotor without making rather a poor design,
it is desirable to build a separate fly-wheel with much greater
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fly-wheel effect. One of 120,000,000 lb-ft.2 fly-wheel effect was
selected. Curves for this value and for a motor with the same
slip as the foregoing are shown in Fig. 5 and in full lines in Fig. 3.
Comparing the curves of the smaller and the greater fly-*

wheel effect shown in Fig. 3, it can easily be seen that the results
with the greater fly-wheel effect are very much better in every



1i00] SPECIIT: MILL FLY-WVHE.L'S 877

respect. The power-factor remains nearly constant in com-
parison with the power-factor for the smaller fly-wheel with
which a variation of 28 to 86 per cent occurs during every pass.
Comparing further the torques and current values and obtaining
from them the square root of the mean squares, we will find
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WITH /20 fr/ILL. £3.5. FY;2 D/ YW/YEEL EFFECT:

that a motor with a normal rating of approximately 2800 h.p.
and a pull-out torque of approximately 700,000 lb-ft would be
large enough, whereas, for the slaller fly-wheel, a motor of
normal rating of approximately 3700 h.p. and a pulll-out torque
of at least 1,200,000 lb-ft. would be required.
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Further, by integrating the time losses in Fig. 3 and taking
their average value per second, we obtain 212 kw. for the set
with the larger fly-wheel and 352 kw. for the set with the smaller.
The combined efficiency of the motors, including the losses in
the external resistances, would then be equal to 90.3 per cent
against 84.6 per cent with the small fly-wheel effect.
The total time for one complete cycle of rolling is 51.9 sec.

for the large fly-wheel and 52.7 sec. for the small one. How-
ever, t:he time required to accelerate the motor with the greater
fly-wheel effect from 0 to 52 rev. per min. or to retard it from
52 to 0, is 58 seconds for a constant torque tof 350,000 lb-ft. The
time for the motor with the small fly-wheel effect is only one-
sixth of this.
With the exception of the foregoing disadvantage, there should

be no doubt that the installation with the greater fly-wheel
,effect is more economical than the other. The motor can be
,made much smaller, and even with the heavy additional fly-
wheel the total cost for the complete motor outfit might be
lower than for the larger motor without the separate fly-wheel.
Further, the higher efficiency, the nearly uniform, high power-
factor and the lower average current make it possible to reduce
the capacity of the generating plant and the transmission system,
thus inacreasing the saving. Finally, the higher combined effi-
ciency means also a lower operating cost. It might also be nien-
tioned that with the use of a large fly-wheel to take up the heavy
shocks, the motor might be built with a smaller air gap and for
higher speed and geared, belted, or roped to the mill shaft
carrying the fly-wheel, thereby obtaining a still cheaper motor
outfit.

It is not the intention to say that the set with the 120, million
lb-ft.2 fly-wheel effect in the foregoing example is the final solution.
It is fsimply to show how to design a motor equipment for rolling-
mill drive and what results can be obtained with a large fly-
wheel. In order to obtain the best result it would be necessary
to try other fly-wheel effects, slips, efficiencies, etc.

If rolling-mill propositions are treated in a manner similar to
the above, and further, if advantage is taken of more reliable
test data, which may be obtained from installations both here
and abroad, there can scarcely be any doubt that the electric
drive in rolling mills will be a success.


